Coupling of ATP hydrolysis to structural changes in the motor domain is fundamental to the driving of motile functions by myosins. Current understanding of this chemomechanical coupling is primarily based on ensemble average measurements in solution and muscle fibers. Although important, the averaging could potentially mask essential details of the chemomechanical coupling, particularly for mixed populations of molecules. Here, we demonstrate the potential of studying individual myosin molecules, one by one, for unique insights into established systems and to dissect mixed populations of molecules where separation can be particularly challenging. We measured ATP turnover by individual myosin molecules, monitoring appearance and disappearance of fluorescent spots upon binding/dissociation of a fluorescent nucleotide to/from the active site of myosin. Surprisingly, for all myosins tested, we found two populations of fluorescence lifetimes for individual myosin molecules, suggesting that termination of fluorescence occurred by two different paths, unexpected from standard kinetic schemes of myosin ATPase. In addition, molecules of the same myosin isoform showed substantial intermolecular variability in fluorescence lifetimes. From kinetic modeling of our two fluorescence lifetime populations and earlier solution data, we propose two conformers of the active site of myosin, one that allows the complete ATPase cycle and one that dissociates ATP uncleaved. Statistical analysis and Monte Carlo simulations showed that the intermolecular variability in our studies is essentially due to the stochastic behavior of enzyme kinetics and the limited number of ATP binding events detectable from an individual myosin molecule with little room for static variation among individual molecules, previously described for other enzymes.
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single ATP turnover assay | ATP dwell times | dwell time distribution | TIRF microscopy F orces and movements, generated when myosins interact with actin filaments, are driven by the coupling of conformational changes in the myosin head domain to particular steps of the ATP hydrolysis cycle (1) (2) (3) . Essential steps of the ATP hydrolysis cycle for skeletal muscle myosin and acto-myosin were characterized in solution studies (1, 4, 5) . With the concept of Hill (6) , it became possible to relate solution studies to mechanical, biochemical, and structural studies on muscle fibers (7, 8) to form a general concept for the coupling of ATP hydrolysis to the generation of mechanical work (6, 9) .
In studies on large ensembles of myosin molecules such as solution and fiber studies, however, crucial reaction steps could be masked by the ensemble averaging and thus may complicate relating solution kinetics to structural changes and the generation of forces and movements. In addition, ensemble studies can be complicated by mixed populations of myosin molecules-for example, by the presence of different myosin isoforms or different posttranslational modifications. Here we explored the feasibility to study ATPase kinetics from individual myosin molecules by total internal reflection fluorescence (TIRF) microscopy using fluorescently labeled ATP as used in previous studies to follow ATP turnover by motor proteins (10) (11) (12) (13) . One aim was to see whether myosin molecules show a similar variability in kinetic parameters among individual molecules as previously found in single molecule studies for other enzymes (14) (15) (16) . Such variability among individual molecules would limit, even in single molecule studies, detection of subtle but relevant changes in ATPase kinetics by, for example, posttranslational modifications. To study ATPase kinetics of individual myosin molecules, we used Cy3-labeled ATP (10-13) and directly detected binding and release of ATP or ADP to and from individual myosin molecules. We studied the time during which a fluorescently labeled nucleotide molecule was bound to a myosin head domain, the dwell time, and the pauses between fluorescent signals, the off time or waiting time. Both dwell times and waiting times yield information about ATPase kinetics and thus, in principle, allow detection, molecule by molecule, of differences in ATPase kinetics among individual myosin molecules.
To start with the most simplified system, we studied myosin in the absence of actin to avoid effects from, for example, variable strain among different myosin heads. To our surprise, and different from earlier studies (10, 12) , we found even with the purified 3′Cy3-ethylenediamine-ATP (3′Cy3-EDA-ATP;
isomer two populations of dwell times even for individual singleheaded myosin molecules in which the light chain binding domain was replaced by two α-actinin repeats. Thus, differences between the two heads or different light chain isoforms were excluded. In addition, the time constants for the dwell time populations varied substantially from molecule to molecule, reminiscent of the static
Significance
Myosins use adenosine-5′-triphosphate (ATP) hydrolysis to drive motile functions, including muscle contraction. The main steps of ATP hydrolysis were previously identified by solution studies. Observing individual myosin molecules, one by one, interacting with fluorescently-labeled ATP, we found for one and the same myosin molecule two residence times for fluorescent ATP, a long lived, consistent with solution studies, and an unexpected short lived. Kinetic modeling suggests that this results from two active site conformers. In ensemble studies, generation of both dwell times from one myosin molecule had been indistinguishable from generation by a heterogeneous population of myosin molecules, demonstrating the power of molecule-by-molecule analysis to uncover previously undetected kinetic features and to distinguish, for example, different isoforms or mutant from wild-type molecules even in mixed populations.
variation seen for other enzymes (14) (15) (16) . Kinetic modeling suggested that the two dwell time populations originate from two active site conformers with different ATP binding features. Binding of ATP to one conformer (M) allows the "conventional" ATP hydrolysis cycle, with dwell times as expected from solution studies. Binding to the other conformer (M') apparently allows only reversible ATP binding with 7-10-fold shorter dwell times. Importantly, the short-lived events remained undetected in previous studies (10, 12) . Statistical analysis and Monte Carlo simulations implied that variability in dwell time distributions seen among individual molecules does not reflect intermolecular (static) variation but results from the limited number of events we could record from an individual myosin molecule.
Results
Ensemble and Individual Molecule Data Show Two Dwell Time Populations with Cy3-EDA-ATP. As a first parameter, we determined the lifetime of 3′Cy3-EDA-ATP binding events to skeletal myosin-2 in the absence of actin. We used myosin extracted from single fibers of the Musculus psoas (M. psoas) of rabbits to have only one myosin heavy chain (MHC) isoform in the assay (cf. 17, 18) . Upon binding of a 3′Cy3-EDA-ATP molecule to a myosin molecule immobilized on a BSA-coated surface, the rapidly diffusing 3′Cy3-EDA-ATP molecules became stationary, generating a fluorescent spot that lasted presumably until after ATP cleavage and release of the γ-phosphate, the 3′Cy3-EDA-ADP moiety dissociated from the active site. From here on, we term the lifetime of such a stationary fluorescent spot a "dwell time." The histogram of the observed dwell times (Fig. 1A ) appeared reasonably well described by a single exponential function, although some systematic deviations were apparent. If, however, the cumulative dwell time distribution-that is, the time course of the decay of all observed dwell time events-was generated from the dwell times contained in Fig. 1A , this cumulative dwell time distribution could only be fitted satisfactorily with a double exponential decay function. This is particularly obvious in a semilogarithmic plot (Fig. 1B) . This double exponential decay implies the presence of two distinct populations of dwell time events, in contrast to a single dwell time population that may have been expected for a homogeneous population of myosin molecules. The average time constants (τ 1 and τ 2 ) for the two populations were almost an order of magnitude different. The first population of short-lived dwell times (τ 1 = 0.45 ± 0.007 s) represented nearly 90% of all dwell time events, whereas the remaining events showed a time constant, τ 2 , of 3.68 ± 0.45 s.
Accumulating data of several molecules, however, may unintentionally include data from molecules of different properties. To examine whether the two dwell time populations originated from molecules of different properties-for example, due to different posttranslational modifications or different MHC isoforms or even a subpopulation of "denatured" myosin molecules-we next analyzed data from individual myosin molecules. Relating binding events of Cy3-EDA-ATP to individual myosin molecules required sufficiently low density of myosin molecules in the assay such that only a single myosin molecule was expected to contribute to an individual region of interest ( Fig. 1 C and D) . This required dilution of myosin to pico molar concentrations (Fig. S1 ). Dwell times of fluorescent signals from individual myosin molecules were recorded for over 2,000 s. Fig. 1D illustrates the time trajectory of fluorescence intensity in a region of 4 × 4 pixels, showing multiple events of increased fluorescence. This experimental arrangement yielded about 50-150 events of increased fluorescence at 30 nM 3′ Cy3-EDA-ATP. This was the highest possible concentration at which the background from freely diffusing 3′Cy3-EDA-ATP was still low enough to separate spots of increased fluorescence from the background (see Fig. S1 ). We interpreted spots of increased fluorescence as binding events of 3′Cy3-EDA-ATP molecules to an individual myosin molecule if (i) these events showed a one-step increase and one-step decrease in fluorescence and if (ii) during the observation period of 2,000 s, such events could be detected repetitively within a region of 4 × 4 pixels. For further controls, see SI Text and Figs. S2 and S3.
Nevertheless, even for conditions where dwell times were most likely collected from only one individual myosin molecule, cumulative dwell time histograms could in general only be fitted by a double exponential function-that is, contained two dwell time populations (Fig. 1E) . The time constant for the second population, τ 2 , on average was about 7-10-fold larger than τ 1 (Fig.  1F) , and the second population constituted on average about one-fifth to one-tenth of all dwell time events (Fig. 1G) . We further supported these conclusions by characterizing amplitudes and time constants by maximum likelihood estimations and tested whether the distributions were single or double exponential using the Kolmogorov-Smirnov test on the cumulative dwell time distributions (SI Text).
Both maximum likelihood estimation with the registered dwell times and least squares fits of the cumulative distributions confirmed two different dwell time populations even when dwell times were recorded from individual myosin molecules. The time constants of the two populations, however, varied over a substantial range and very few individual molecules could also reasonably be fitted by a single exponential term with a time constant close to the fast dwell time population, although all dwell time distributions contained at least a few long-lived events (e.g., Fig. 2B and Fig. S4 , Top Left).
Two Dwell Time Populations Neither Resulted from Differences Between the Two Heads of a Myosin-2 Molecule Nor from Different
Light Chain Isoforms. Next we investigated whether two dwell time populations may result from differences between the two heads of myosin-2 or from different light chains associated with the two heads. Although in a single muscle fiber coexistence of slow and fast MHCs is rare (17, 18) , different light chain isoforms could be associated with the myosin heads (19) . Also, posttranslational modifications-for example, phosphorylation of light chainshave been reported to affect ATP turnover by myosin (20) .
Therefore, we examined dwell time distributions of 3′Cy3-EDA-ATP binding to a Dictyostelium discoideum myosin-2 construct, D. discoideum M761-2R, in which 761 amino acids of the D. discoideum myosin-2 head were fused to two α-actinin subunits forming a rigid lever arm without light chains (M761-2R) (21) . Thus, each construct molecule consisted of just one polypeptide chain with a single head domain at the N terminus, a His tag at the C terminus, and no site for phosphorylation. For similar orientation of all construct molecules, we used a protein G/Penta-His antibody-coated surface to orient the myosin constructs in a "head up" position. We tested actin filament gliding on these single-headed D. discoideum M761-2R constructs on the protein G/Penta-His antibody-coated surface. The observed gliding velocity was 1.5 μm/s at 55 mM ionic strength, and the temperature was 22-25°C. Thus, the myosin constructs were in a functional orientation with accessible actin and ATP binding sites.
To locate potential regions of Cy3-EDA-ATP binding to individual D. discoideum M761-2R molecules, we used an Alexa488-labeled Penta-His antibody ( Fig. 2A; (Fig. 2 B-D) . Almost all cumulative dwell time distributions required a double exponential decay function for fitting. The time constants for the fast and slow components ranged from about 0.5-1 s and 4-15 s, respectively (Fig. 2E) . (Fig. 2E) , with the majority of the dwell time events being short lived (Fig. 2F ). Note that a small proportion of dwell time distributions from individual molecules had only very few long-lived events (Fig. 2D) . Thus, even with the single-headed myosin construct without associated light chains, the cumulative dwell time distributions of individual molecules still revealed two dwell time populations with the pure 3′Cy3-EDA-ATP isomer. For purity of 3′Cy3-EDA-ATP see Fig. S5 . Maximum likelihood estimations and the Kolmogorov-Smirnov test again supported these conclusions (cf. SI Text).
Off Times. For each molecule, we also determined the waiting time before binding of another 3′Cy3-EDA-ATP moleculethat is, the start of a new event. This is termed "off time" or "waiting time" (cf. Fig. 1D ). This off time is expected to depend on the concentration of 3′Cy3-EDA-ATP. Additionally, off times also provided information regarding whether a region of interest contained a single or multiple myosin molecules. In some regions of interest, time constants for the off time distributions were about half as long, most likely because two myosin constructs were present in the region of interest. Thus, we used increased incidence of dwell events-that is, substantially shorter off times as a signature for more than one myosin molecule in the analyzed region of interest-and excluded these regions from analysis of both dwell times and off times. Cumulative off time distributions for the majority of M761-2R molecules could be fitted with just a single exponential function with an average time constant of 23 ± 2.17 s at 30 nM Cy3ATP. A typical cumulative off time distribution of an individual myosin molecule fitted by a single exponential function is illustrated in Fig. 2G . An off time distribution of a psoas myosin-2 molecule is provided in Fig. S3 , together with the histogram of the time constants of off time distributions from 77 myosin-2 molecules. 
Two Dwell Time Populations Neither Resulted from ADP Accumulation
Nor from Deterioration of the Assay. During the recording time of 2,000 s, myosin molecules might be damaged by the laser light used to excite the Cy3 fluorescence. In addition, 3′Cy3-EDA-ADP may have steadily accumulated during data acquisition. To test whether these two effects may cause the presence of a second dwell time population, we plotted observed dwell times versus their appearance during data acquisition for several individual molecules. Fig. 3A shows incidence and duration of the dwell time events of 11 individual M761-2R molecules each observed for 2,000 s. Neither short nor long dwell time events were clustered in a particular region of the observation period. Instead, long and short dwell times appear randomly distributed throughout data recording. Thus, it seems unlikely that one of the two dwell time populations results from ADP accumulation or deterioration of myosin toward the end of the recording period. This also excludes interconversion of 3′Cy3-EDA-ATP to 2'Cy3-EDA-ATP as the cause of two dwell time populations. For stability and purity of 3′ Cy3-EDA-ATP, see SI Text and Fig. S5 .
Thus, for all these controls, essentially all molecules showed two dwell time populations, even if events were detected from single-headed molecules. The time constants observed for different individual molecules of one myosin isoform, however, showed substantial variability. Thus, we hypothesize that the presence of two dwell time populations is an intrinsic property of the individual myosin molecule itself. This is different from previous work (10, 12) , where only long-lived events were described. This most likely is due to lower time resolution (10) or single exponential fits to dwell time histograms (12) (cf. Fig. 1A ) in previous work.
Nature of Large Intermolecular Variability. The large variability in dwell time distributions even among individual D. discoideum M761-2R constructs, for which differences among individual myosin molecules should be minimal, is reminiscent of the static variation described previously in single molecule studies for other enzymes (14) (15) (16) . We could, however, only collect up to 150 dwell time events and related off times from individual molecules. Thus, we wondered whether at least part of the observed variability might just be due to sampling error resulting from the limited number of events-that is, the limited sample size that we could record from individual molecules. If this were in fact so, all dwell time distributions recorded from individual molecules of a particular myosin isoform or myosin construct would belong to a single population of myosin molecules with identical kinetic properties. To test whether the recorded dwell time distributions are indeed consistent with just one single dwell time distribution, we performed a χ 2 test of all individual (noncumulative) dwell time distributions versus the average distribution of all molecules (for details, see SI Text). In addition, we performed Monte Carlo simulations assuming that all molecules are kinetically identical with no intermolecular (static) variation at all. For details, see SI Text and Fig. S6 . The χ 2 test implied that all but 6% of the dwell time histograms result from the same population of myosin molecules, including examples with only very few long-lived events. The same conclusion was obtained by the Monte Carlo simulation. Here the variability among the simulated dwell time distributions increased with decreasing sample size. Samples of 50 and 100 dwell time events in fact showed a degree of variability very similar to that found in our experiments (Fig. S2) . Thus, in the present study, we could not detect intermolecular (static) variation as in other single molecule enzyme studies (14) (15) (16) . Instead, the variability observed here is due to the limited number of events we could record from individual molecules. For a test of memory effects in individual intensity time traces, see SI Text and Fig. S7 .
Molecular Nature of the Two Dwell Time Populations. Two dwell time populations were also found with other classes of myosin. To see whether two dwell time populations is a general feature, we studied dwell times of other class-2 myosins and some myosins of classes 1 and 5. The slow skeletal myosin-2 isoform isolated from single fibers of rabbit soleus muscle with the MHC I again showed two dwell time populations but with longer time constants than seen for rabbit psoas myosin (MHC IID) (Fig. 3B) . We also tested monomeric myosin-5b and myosin-1B, both expressed in D. discoideum. For both myosins we also found two dwell time populations with τ 1 and τ 2 , again characteristic for each of the two myosins (Fig. 3B) .
Mg
2+ ions only affect the long-lived dwell times in myosin-5b. To further elucidate the molecular nature of the two dwell time populations, we used the delay of ADP release by Mg 2+ that is characteristic for D. discoideum myosin-5b (22) . If for both dwell time populations the fluorescence signal ends via release of ADP, the time constants of both populations should increase with free Mg 2+ . As shown in Fig. 4A , there is, however, hardly any change in the short-lived dwell times, whereas the time constant of the long-lived dwell times at 4 mM free Mg 2+ ions was about 1.5 times longer than at 0.5 mM.
Modeling of Two Dwell Time Populations. To gain insight into possible kinetic mechanisms underlying the observed two dwell time populations, we performed kinetic modeling with the KinTek Global Kinetic Explorer software (KinTek Corp.) (23, 24) . Our aim was to account for both the two dwell time populations observed in our single molecule experiments and well-established solution data (4, 5, 25) . For details of the kinetic modeling, see SI Text, Fig. S8 , and Table S1 . The only way we were able to account for our data and the solution data was by assuming two "conformers" of the myosin head, one (M in Fig. 5 ) in which ATP binding and hydrolysis occur as previously described for solution studies (4, 5, 25) and one that accounts for the long-lived dwell time population. In this other conformation (M' in Fig. 5 ), ATP preferentially dissociates uncleaved after residing in the active site for a short-lived dwell time event. Equilibration between the two conformations needs to be in the order of 1-10 s −1 , favoring the M conformation with a minimum of about 5% in the M' conformation. Interestingly, with this scheme, we can also account for the ATP-chase experiments under single turnover conditions (26), for which Barman and coworkers had assumed a subpopulation of myosin molecules that bind ATP reversibly but that Barman and coworkers could not separate from "normal" myosin by any available separation technique. Our findings imply that separation of this myosin subpopulation was impossible because each individual myosin molecule can act in both ways.
Mutation S332E-F387Y in D. discoideum Myosin-1B May Affect the Equilibrium Between the Two Conformers. We speculated that some mutations in the active site of myosin that affect ATP binding to the active site may do so by affecting the equilibrium between the two active site conformers M and M' (cf. Fig. 5 ). As a first test, we examined mutation F387Y in the S332E-D. discoideum myosin-1B. The S332E replacement generated a pseudophosphorylatedthat is, constitutively active-construct (27) for characterizing functional effects of the F387Y mutation. Our solution data of the F387Y mutation showed a reduced second order rate constant of ATP binding to the active site, followed by cleavage and release of products. The cumulative dwell time histogram for wild-type S332E-D. discoideum myosin-1B yielded two distinct dwell time populations (Fig. 4B ). For the F387Y mutant, however, the second population was essentially absent as if the conformer M were suppressed by this mutation. Interestingly, solution studies of this mutant showed not only slower rates for the change in intrinsic fluorescence upon ATP binding but also a much reduced amplitude. Exactly this is expected from our kinetic simulations if the equilibrium M <-> M' is shifted toward M'.
Discussion
Our single molecule experiments allowed us to (i) identify two dwell time populations and one waiting time population from an individual myosin molecule and (ii) determine the time constants and relative incidence of events of these populations. The power of collecting data from individual myosin molecules is demonstrated by two examples: first, by directly demonstrating that both short-and long-lived dwell time events are generated by one and the same molecule and not caused by different subpopulations within an ensemble [in solution (ensemble) studies, such distinction was impossible (cf. 26)], and second, by distinction between native and "aged" molecules. Our selection criteria to analyze only regions of interest with multiple events of increased fluorescence that coincide with potential locations of myosin molecules (cf. Fig. 2 , SI Text, and Fig. S2 ) excluded myosin molecules that showed only single, very long-lived events with a lifetime sensitive to the intensity of the fluorescence excitation, as previously found to predominate after aging for 24 h (28). Thus, single molecule data allow us to differentiate between populations that presumably represent native myosin molecules versus denatured molecules. Other denatured myosins that may no longer bind ATP were also excluded, as these remain undetected in our experiments. This illustrates the unique feature of single molecule experiments that we can exclusively select for myosin molecules that time and again bind Cy3-ATP molecules. Such selection is impossible in ensemble studies. This may explain the fact that in our kinetic modeling we could account for the ATP-chase experiment under single turnover conditions of Barman and coworkers (26) with the M' conformer, but not for the low P i -burst under multiturnover conditions, as this parameter will additionally be reduced by the presence of denatured myosin molecules that do not hydrolyze ATP and which were excluded from our analysis. Two dwell time populations were found for all myosins we examined. Their kinetics and relative incidence were characteristic for each myosin type (Fig. 3B) and were sensitive to mutations that affect ATP binding (cf. Fig. 4B ). Thus, dwell time distributions could allow us to identify and characterize different myosin isoforms, effects of mutations, or effects of posttranslational modifications, but require data collection and analysis of individual myosin molecules.
As shown by our simulations and by the χ 2 test, the limited number of events in the dwell time distributions generated substantial variability among dwell time distributions obtained from individual molecules even if all molecules were in fact kinetically exactly identical. Cumulating data of several molecules, although it allows for more precise estimates of dwell and waiting times and of their frequencies of incidence, however, opens the possibility of unintentionally including data from molecules with different properties. Nevertheless, dwell time distributions could be exploited to identify and characterize individual molecules as mutant or wild-type molecules in a mixed population, as, for instance, in tissue samples of patients with mutations in the myosin head domain causing familial hypertrophic cardiomyopathy. This, however, requires that effects of such mutations are large enough to generate dwell time distributions outside the typical variability seen for individual wild-type molecules. Thus, the number of detectible events per individual molecule will be very crucial (Fig. S6) . This number could be increased by collecting data from a much smaller volume around individual myosin head domains than achieved in TIRF experiments, for instance by using zero-mode wave guides. This would allow us to increase Cy3-EDA-ATP concentrations and thus the number of detectable events by up to about 20-fold (29) .
The need to assume a second active site conformer (M') for all examined myosins raises questions about its possible functional relevance. It remains to be seen in future studies whether binding to actin affects the equilibrium between the two conformers-for example, allowing a complete ATPase cycle only if stereospecific acto-myosin binding could yield a productive power stroke-that is, whether the conformer M' could help in keeping myosin , n = 400. The increase in free Mg 2+ did not significantly alter the short-lived population (τ 1 , 0.82 ± 0.04 s vs. 0.89 ± 0.04 s; A 1 , 86 ± 2.5% vs. 76 ± 1.7%), however τ 2 was increased 1.5-fold. (B) Effect of F387Y mutation in myosin-1B. Red circles and black squares, dwell time distributions for wild-type myosin-1B (n = 266 dwell time events) and mutation F387Y (n = 292), respectively. Red and black solid lines, fits to double and single exponential function, respectively. Fast population for mutant and wild-type myosin essentially identical. Incidence of long-lived events for wild-type myosin-1B was 11.8 ± 1.6%. Data of mutant consistent with two dwell time populations with same time constants as the wild type, however with only about as few as one-tenth of long-lived events seen with the wild type. switched off. In the presence of actin, this conformer could also enhance head-head coordination for processive myosins by suppressing untimely ATP-induced dissociation of a leading head from actin if backward strain favors the M' conformer, whereas ATP-induced dissociation of the trailing head may become more likely if forward bending suppresses the M' conformation. Mutations in the motor domain that shift the equilibrium between the two conformers, as possibly seen with the myosin-1B mutant, could help to gain insight into structural and functional features of the new conformer.
Methods
Proteins. Myosin-2 was extracted from single fibers of M. psoas or Musculus soleus of rabbits as previously described (18, 30, 31) . The myosin extraction was limited to 30 s to minimize nonmyosin contaminants. Freshly thawed fiber bundles were used to minimize denatured myosin. Extracts were used within 8 h after extraction.
Actin was purified from rabbit back muscle (32) , and TRITC-labeled F-actin for in vitro gliding assays was produced according to Harada et al. (33) . Singleheaded D. discoideum myosin-2 (M761-2R) (21), D. discoideum myosin-5b (J829-2R) (22) , and D. discoideum myosin-1B (B698-2R) (27) were expressed in D. discoideum. 2R refers to two α-actinin subunits that replaced the native light chain binding domain (21) .
TIRF Microscopy. The objective type TIRF microscope was a modified version of the previously described system (28) . For details, see SI Methods.
Dwell Time Assay on a BSA-Coated Surface. To follow binding and dissociation of nucleotide, we used the Cy3-EDA-ATP as the substrate for myosin (12, 34, 35) . To avoid complications from different kinetics of the 2'-vs. 3′-isomer of Cy3-EDA-ATP (12), we only used purified 3′Cy3-EDA-ATP in all of our assays. For purity and stability, see SI Text and Fig. S5 . Procedures for the dwell time assays with myosin-2 extracted from psoas or soleus muscle fibers and immobilized on a BSA-coated glass surface were as described (28) but without actin. To collect dwell time data of individual myosin molecules, the final concentration of myosin-2 in the flow cell was ≤30 pM. T = 22-25°C. For composition of assay buffer, selection criteria for signals of individual molecules and dwell time analysis, see SI Text and Fig. S2 . We included in our analysis only signals from regions of interest where >50 dwell time events could be detected. This essentially ruled out the possibility that nonspecific binding of Cy3-EDA-ATP to the BSAcoated surface generated one of the two dwell time populations (cf.
SI Methods).
Dwell Time Assay and in Vitro Gliding Assay with Expressed Myosin Constructs. Myosin constructs expressed in D. discoideum with an 8× His tag at the C terminus were immobilized on a protein G-coated surface via a Penta-His antibody to standardize binding of the constructs to the surface. For further details, see SI Methods.
